Monolayer two-dimensional transitional metal dichalcogenides, such as MoS2, WS2 and WSe2, are direct band gap semiconductors with large exciton binding energy. They attract growing attentions for opto-electronic applications including solar cells, photo-detectors, light-emitting diodes and photo-transistors, capacitive energy storage, photodynamic cancer therapy and sensing on flexible platforms. While light-induced luminescence has been widely studied, luminescence induced by injection of free electrons could promise another important applications of these new materials. However, cathodoluminescence is inefficient due to the low cross-section of the electron-hole creating process in the monolayers. Here for the first time we show that cathodoluminescence of monolayer chalcogenide semiconductors can be evidently observed in a van der Waals heterostructure when the monolayer semiconductor is sandwiched between layers of hexagonal boron nitride (hBN) with higher energy gap. The emission intensity shows a strong dependence on the thicknesses of surrounding layers and the enhancement factor is more than 500 folds. Strain-induced exciton peak shift in the suspended heterostructure is also investigated by the cathodoluminescence spectroscopy. Our results demonstrate that MoS2, WS2 and WSe2 could be promising cathodoluminescent materials for applications in single-photon emitters, high-energy particle detectors, transmission electron microscope displays, surface-conduction electron-emitter and field emission display technologies.
Introduction
Two-dimensional (2D) layered semiconductors, due to their weak interlayer van der Waals bonds, can be easily thinned down to atomic thickness by mechanical 1 and chemical 2 exfoliation methods, for example, graphene 3 and hexagonal boron nitride (hBN) 4 . Monolayer transitional metal dichalcogenides (TMDCs) with the formula of MX2 (M=Mo, W; X=S, Se, Te) are a type of unique semiconductors with narrow direct band gaps, large exciton binding energies, high optoconductivity, and high photoelectrochemical activity. Moreover, due to the inversion symmetry breaking, monolayer MX2 are widely employed for the study of valley polarization and spin-valley coupling 5, 6 . Recently, van der Waals heterostructures, composed of different 2D materials with unique band alignment and interlayer coupling, attract growing attentions not only for fundamental new physics but also for many potential applications such as tunneling transistors [7] [8] [9] and light-emitting diodes 10 .
Considering the low dimensionality and unavoidable defects, grain boundaries, and local strain of 2D TMDCs, it is essential to characterize their electronic, structural, and optical properties with the spatial resolution down to the relevant length scales which are mostly at the nanoscale. With the well-established scanning tunneling microscopes 11 or transmission electron microscopes 12 , characterizing the electronic and structural properties of monolayer TMDCs has been straightforward down to the atomic-scale. However, the optical characterization of excitonic excitations in monolayer TMDCs by photoluminescence (PL) is diffraction-limited due to the spot size of a laser, which should be resolved by creating optical excitations with sub-wavelength probes such as scanning probes 13 or focused electron beams.
Cathodoluminescence (CL), photon emission excited by a high-energy electron beam, is widely applied in the analysis of mineral compositions 14 , light emitting diodes 15, 16 , surface plasmon mapping 17 . Compared to PL excited by light, CL offers a much higher excitation energy allowing the study of wide band gap materials including diamond 18 and hexagonal boron nitride 19, 20 . Due to a small excitation hotspot CL has been extensively used to study nanostructures including hyper-spectral imaging of plasmonic gratings 21 , nanoparticles 22 , nano-antenna 23 , quantum well 24, 25 , three-dimensional nanoscale visualization of metaldielectric nanoresonators 26 and nanoscale light sources 27, 28 . Therefore, CL is an ideal candidate to investigate optical properties of 2D TMDCs in nanoscale.
In monolayers of TMDCs, it is challenging to detect the interband CL signal as the electronhole creation cross section is extremely small. Moreover, the spatial distribution of electronhole pairs at the interface, which is near the point of free-electron injection, is close to a threedimensional spherical shape of a few microns in diameter. Only a negligible fraction of recombination takes place in the top 2D material and most of them happen in the supporting slab. So far only a few reports are available on CL study of 2D materials, including six atomic layer thick flakes of boron nitride. [29] [30] [31] However, observation of CL from monolayer TMDCs has not been achieved.
In this report we show that CL emissions from monolayer MX2 (MoS2, WS2 and WSe2) can be enhanced and efficiently detected in a van der Waals heterostructure, in which the luminescent MX2 layer is sandwiched between layers of hexagonal boron nitride (hBN) with higher energy gap (see schematics in Figure 1a ). Here the hBN/MX2/hBN heterostructure can effectively increase the recombination probability of electron-hole pairs in the monolayer MX2 in such a way that a good fraction of the electrons and holes generated in the hBN layers diffuse to and then radiatively recombine in the MX2 layer, leading to significant enhancement of the emission, comparatively to an isolated layer ( Figure 1b ). Figure 2d .
The small redshift of CL spectrum, 16.8 meV, from the PL spectrum in Figure 2d is attributed to the temperature-induced band gap shrinkage 33 of the semiconductor caused by the local heating by the electron beam 34 . Similar redshifts were also observed from other TMDCs, such as MoS2 and WS2, studied in this work. The patchy emission pattern within the sandwiched region in Figure 2c is due to poor interface contacts developed during the dry transfer. The CL intensity was proportional to the beam current and remained linear within the available beam current (Supporting Information Figure S2e ). 
Effect of hBN thickness on CL enhancement
In electroluminescence or PL configuration, hBN layers in such heterostructures would Information Figure S3d noteworthy that the bottom hBN layer cannot be replaced by the amorphous SiO2 substrate, as the latter does not provide an atomically flat surface as well as perfect contact. In order to roughly estimate the enhancement factor in our experiments, we compare the intensity ratio of the sandwiched hBN/WSe2/hBN to that of the WSe2/hBN (i.e., with only bottom hBN), which is more than 500 times (see Figure 3e ). 
Nanoscale imaging of strain-induced band gap variation
To demonstrate the full potential of CL spectroscopy as a nanoscale optical characterization tool for monolayer TMDCs, we created a heterostructure hBN/WSe2/hBN possessing nanoscale variation of strain by placing the heterostructure on a pre-patterned Si substrate with holes of 1-2 µm diameter (see inset of Figure 4a and Supporting Information Figure S4 ). Part of the heterostructure sitting above the holes are suspended and develops spatially-varying strain which induces band gap shrinkage of the monolayer WSe2 accordingly.
This strain-induced band-gap engineering is well established both theoretically 36 and experimentally [37] [38] [39] . Interestingly, the CL intensity from the suspended part of the heterostructure is much higher than the rest of the heterostructure (Figure 4a ). This is attributed to the funnel effect 40 where the e-h pairs in the monolayer drift toward the strained part due to the lowered band gap and recombine. To enhance the spectral resolution for resolving the strain-induced peak shifts, the sample was cooled down to 10 K where the exciton and trion peaks well separated. Position-dependent spectra at 10 K (Figure 4b and 4c ) clearly shows that the excitonic peak redshift with a maximum shift of 11.2 meV from the edge to the center of the hole due to strain. In addition to the strain induced by suspension, local strain can be introduced in the heterostructures during the transfer process. Such inhomogeneous local strain in the heterostructures is also detectable by CL spectroscopy. Indeed two energy domains were observed from the hBN/WSe2/hBN (indicated by purple and green colors in Supporting Information Figure S5a ) sample in terms of the exciton peak position at 77 K. From the CL spectra from selected points (Supporting Information Figure S5b ), two emission peaks can be resolved at both point A and B. The two peaks correspond to the emissions of neutral excitons and trions (charged excitons) 41 . However, the peak positions of excitons and trions at point A are 1.640 and 1.614 eV, respectively, while 1.657 and 1.623 eV at point B. The peak position difference between point A and B in the heterostructure may be caused by strain, which is possibly generated during the transfer process (e.g., bubbles).
Temperature dependent CL spectra of the point B were plotted (Supporting Information Figure S5c ). The peak positions of both excitons and trions are fitted (Supporting Information Figure S5d ) according to the semi-empirical semiconductor band gap equation 33, 42 of
is the excitonic energy at 0 K, S is a dimensionless coupling constant and ℏ is an average phonon energy. From the fitting curves, we extract (0) of the exciton and trion of the monolayer WSe2 to be 1.665 and 1.634 eV, respectively. So, the binding energy of the trion is calculated to be ~30.8 meV which is consistent with the previous report (30 meV) 32 .
CL enhancement in heterostructures with MoS2 and WS2
In addition to WSe2, we also performed CL experiments to monolayer WS2 and MoS2 in a van der Waals heterostructure (sandwiched by two hBN layers). The emission peak position from the WS2 heterostructure locates at 1.933 eV (Figure 5a ) and that from the MoS2 in heterostructure at 1.831 eV (Figure 5b ). The emission peak positions of both two heterostructures redshift with respect to their PL peak positions, similar to the case of hBN/WSe2/hBN. The CL mapping is inhomogeneous at the MoS2 sample, which is most likely due to a poor interface contact. Therefore, we have attested that sandwiching a monolayer TMDC into two hBN layers is a universal approach to study its CL emission.
In summary, for the first time we have obtained evident CL emissions from monolayer TMDCs, including WSe2, MoS2 and WS2, via a van der Waals heterostructure configuration.
In the hBN/TMDC/hBN heterostructure, electron beam induced e-h pairs can transfer to and be trapped in the middle TMDC layer, leading to increased recombination probability within the TMDC layer. Moreover, we demonstrate that CL spectroscopy can be applied to study the strain-induced excitonic peak shift in monolayer TMDCs. Because of its high spatial resolution and high beam energy, our demonstration makes CL spectroscopy a powerful technique to the study of 2D materials in various forms such as alloy, heterostructures or defects. The 2D monolayer-based heterostructure may promise potential applications in single-photon emitters, surface-conduction electron-emitter and field emission display technologies. 
Methods

Heterostructure preparation
Heterostructures of hBN/TMDC/hBN were prepared using a dry transfer technique 1, 32 Figure S2 ). As adhesion layer, polyvinyl alcohol (PVA) was used as it is water-soluble with a moderate adhesion. A PVA solution (9% weight in water) was spin coated on a polydimethylsiloxane (PDMS) film (~ 0.5 mm thick). After baking at 90 °C on a hot plate, the PDMS/PVA film was attached on a glass slide and the whole stack was mounted on a micromanipulator. Under an optical microscope, the PDMS/PVA stack was aligned to an hBN flake on a SiO2/Si substrate and brought into contact with the flake underneath. The flake can be easily picked up due to its stronger adhesion to PVA than SiO2. The procedure was repeated to pick up a monolayer TMDC flake. Then, the hBN/TMDC on the stack was aligned and brought into contact to another hBN flake on a Si/SiO2 substrate. The PDMS/PVA film was released from the heterostructure on SiO2/Si by slowly peeling the PDMS film from the PVA film at 70 °C leaving the PVA film on the Si/SiO2. The PVA film was washed off by dipping in water for half an hour. Fewer bubbles and better contacts were created with the latter approach since the heterostructure was not stretched during the removal of the PDMS film. For the patterning of the Si substrate in Figure 4 , a focused ion beam (FEI Helios NanoLab) was used to mill holes with 1-2 m diameter and 1 m depth.
AFM and optical characterization
The thickness of hBN flakes was measured using a Cypher ES scanning probe microscopy in AC tapping mode. A Witec alpha300 R confocal Raman spectrum was used to collect Raman and photolulminescence spectra where a pump laser at 532 nm at power of 0.2 mW was used to illuminate the samples through a ×100 objective.
CL measurement
CL measurements were performed in a scanning electron microscope equipped with a 
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